Linking classical microwave electrical circuits to the optical telecommunication band is at the core of modern communication. Future quantum information networks will require coherent microwave-to-optical conversion to link electronic quantum processors and memories via low-loss optical telecommunication networks. Efficient conversion can be achieved with electro-optical modulators operating at the single microwave photon level. In the standard electro-optic modulation scheme, this is impossible because both up-and down-converted sidebands are necessarily present. Here, we demonstrate true single-sideband up-or down-conversion in a triply resonant whispering gallery mode resonator by explicitly addressing modes with asymmetric free spectral range. Compared to previous experiments, we show a 3 orders of magnitude improvement of the electro-optical conversion efficiency, reaching 0.1% photon number conversion for a 10 GHz microwave tone at 0.42 mW of optical pump power. The presented scheme is fully compatible with existing superconducting 3D circuit quantum electrodynamics technology and can be used for nonclassical state conversion and communication. Our conversion bandwidth is larger than 1 MHz and is not fundamentally limited.
INTRODUCTION
Efficient conversion of signals between the microwave and the optical domain is a key feature required in classical and quantum communication networks. In classical communication technology, the information is processed electronically at microwave frequencies of several gigahertz. Due to high ohmic losses at such frequencies, the distribution of the computational output over long distances is usually performed at optical frequencies in glass fibers. The emerging quantum information technology has developed similar requirements with additional layers of complexity, concerned with preventing loss, decoherence, and dephasing. Superconducting qubits operating at gigahertz frequencies are promising candidates for scalable quantum processors [1] [2] [3] , while the optical domain offers access to a large set of very well developed quantum optical tools, such as highly efficient single-photon detectors and long-lived quantum memories [4] . Optical communication channels allow for low transmission losses and are, in contrast to electronic ones, not thermally occupied at room temperature due to the high photon energies compared to k B T .
To be useful for quantum information, a noiseless conversion channel with unity conversion probability has to be developed. For the required coupling between the vastly different wavelengths, different experimental platforms have been proposed, e.g., cold atoms [5, 6] , spin ensembles coupled to superconducting circuits [7, 8] , and trapped ions [9, 10] . The highest conversion efficiency so far was reached via electro-optomechanical coupling, where a high-quality mechanical membrane [11, 12] or a piezoelectric photonic crystal [13] provide the link between an electronic LC circuit and laser light. Nearly 10% photon number conversion from 7 GHz microwaves into the optical domain was demonstrated in a cryogenic environment [12] . Efficient direct electro-optic modulation as demonstrated, for example, in integrated microstructures [14, 15] has been discussed by Tsang [16, 17] as an alternative approach. The resulting phase modulation creates sidebands symmetrically around the optical pump frequency, which can be described by sum frequency generation (SFG) and difference frequency generation (DFG). The process of SFG combines a microwave and an optical photon and creates a blueshifted photon (anti-Stokes). This process is fundamentally noiseless and hence does not lead to decoherence if the photon conversion efficiency approaches unity.
In the process of DFG, the microwave signal photon can stimulate an optical pump photon to decay into a red-shifted optical (Stokes) and an additional microwave photon. Such microwave parametric amplification adds a minimum amount of noise as the process can also occur spontaneously (spontaneous parametric down-conversion) without the presence of a microwave signal [18] . This spontaneous process can be used to generate entangled pairs of microwave and optical photons [17] . Above threshold, the spontaneous process can stimulate parametric oscillations generating coherent microwave radiation [19] .
Significant improvements of electro-optic modulation were made in the recent years through the development of resonant modulators with high quality (Q) factors consisting of a lithium niobate whispering gallery mode (WGM) resonator coupled to a microwave resonator [20, 21] . The best reported photon conversion efficiency so far was of the order of 0.0001% per mW optical pump power [21, 22] . These implementations could not individually address either SFG or DFG, and therefore always include additional noise from the spontaneous process.
Electro-optic single-sideband conversion has been demonstrated in a lithium tantalate WGM resonator, where the optical pump and the optical signal were orthogonally polarized (type-I conversion) [23] . The highest efficiency in lithium niobate can be expected when signal and pump are polarized in parallel (type-0 conversion). It was discussed that single-sideband conversion in this case can be achieved by detuning the optical pump from its resonance [16] [see Fig. 1(a) ], which increases the required pump power significantly.
We present a new take on the classical electro-optical modulation within a lithium niobate whispering gallery mode resonator, where single-sideband operation is made possible without detuning. This is achieved by exploiting asymmetries in the free spectral ranges between three neighboring optical resonances caused by avoided crossings, as schematically depicted in Fig. 1(b) . Since the mode crossings are temperature dependent, they can be used to tune the microwave input frequency over several tens of MHz and to switch between SFG and DFG.
With this system, we reach a photon number conversion efficiency of 0.2% per milliwatt optical pump power, which is 3 orders of magnitude larger than in previous works [21, 22] . The significant increase of the conversion efficiency is due to better optical and microwave Q factors and enhanced modal overlap. Embedding the WGM resonator within a closed threedimensional microwave cavity allows us to strongly focus the microwave field into the optical mode volume. Furthermore, our system is fully compatible with superconducting circuit quantum electrodynamics [24, 25] , since the microwave cavity is designed to be placed in a cryostat and contains the whole converter.
Current state-of-the-art electro-optomechanical conversion schemes have a bandwidth of several kHz [11, 12] , and their bandwidth is fundamentally limited to the mechanical resonance frequency. The electro-optical scheme does not have this fundamental limitation. In the current implementation, we already reach a bandwidth of 1 MHz.
ALL-RESONANT ELECTRO-OPTICS
Our conversion scheme is based on the nonlinear interaction between resonantly enhanced microwave and optical fields within a high-quality WGM resonator. The optical resonator is made out of lithium niobate and is placed within a three-dimensional copper cavity. While the optical mode is guided at the rim of the WGM resonator by total internal reflection, the microwave field is confined by the metallic boundary of the copper cavity, which is designed to enforce good overlap of the optical and microwave modes within the lithium niobate. As lithium niobate is an electro-optic material, the microwave field modulates the refractive index and couples parametrically to the optical modes. Assuming weak microwave fields, only two sidebands (blue-and red-shifted) will be generated next to the optical pump frequency. The interaction Hamiltonian describing the system iŝ
where the operatorsâ;b ;b − denote the optical pump and the upand down-converted optical sidebands, respectively, andĉ denotes the microwave mode. The nonlinear coupling rates g are given by (compare e.g., [21] )
where n p , n , and n Ω are the refractive indices of the pump, sidebands, and the microwave tone and ω p , ω , and Ω 0 are the respective resonance frequencies. The normalization volumes V p , V , and V Ω are given by the integral R dV ΨΨ over the respective spatial field distributions Ψ p , Ψ , and Ψ Ω . The nonlinear coupling is mediated by the electro-optic coefficient r. The integral in Eq. (2) is nonzero only if phase-matching is fulfilled. In the case of whispering gallery modes, this means that the azimuthal mode numbers m (number of wavelengths around the rim of the resonator) have to obey the relation m m p m Ω . In our experiment, the optical pump P p and the microwave signal P Ω are both undepleted (i.e., the nonlinear conversion efficiency depends linearly on the pump and signal intensities). From Eq. (1) we find the output power of the sidebands P and the photon number conversion efficiency η to be
where
The expressions in Eq. (4) describe the detuning of the optical pump ω, the microwave Ω, and the generated sidebands ω Ω from their respective resonance frequencies. Since the optical modes have the same polarization and are close in frequency, we can assume the same coupling and loss rates γ and γ 0 for all of them. For the nonlinear coupling rates, we assumed g g − g following the same argument. Coupling and loss rate for the microwave mode are denoted as γ Ω and γ 0 Ω . In case of zero detunings for all modes, the common figure of merit, the electro-optic cooperativity [17] , can be expressed in terms of the given metrics as
where jαj 2 corresponds to the number of pump photons in the resonator. The approximation on the right-hand side is valid for the linear regime of small conversion efficiencies as assumed for Eq. (3). The cooperativity can therefore be directly calculated from the cavity parameters and the measured photon conversion rate.
If the optical modes are spectrally equidistant, the suppression of one of the sidebands can be achieved by detuning the pump from its resonance frequency as schematically depicted in Fig. 1(a) . However, detuning decreases the coupling of the pump to the cavity and therefore increases the required pump power significantly (see below). We propose an alternative scheme depicted in Fig. 1(b) : the spectral distance, or free spectral range (FSR), can be asymmetric for the up-and down-converted modes. This would allow detuning of, for example, the down-converted light by Δ − ω − Ω − ω − while the pump and the up-converted light remain fully resonant. We will show that such dispersion engineering is possible by exploiting avoided crossings. Both schemes in Fig. 1 lead to a power suppression factor S between the sidebands of
As the suppression depends only on the detuning of the downconverted sideband from its resonance, the two schemes can be compared in terms of the required pump power using Eq. (3). One can show with the help of Eqs. (3) and (6) that the detuning scheme requires S − 1∕4 1 times more pump power to produce the same suppression S. For example, 30 dB suppression would require about 250 times more pump power.
EXPERIMENTAL REALIZATION
The challenge in this experiment is to bring two resonant systems having largely different frequencies to interact. The design has to provide a good spatial overlap between microwave and optical modes, while the involved modes have to fulfill phase-matching and energy conservation. This requires careful tailoring of the system based on numerical simulations. Our starting point was to realize a suitable geometry where the optical FSR is approximately equal to the frequency of the resonant microwave mode (m Ω 1) to fulfill energy conservation (see Fig. 1 ).
For the experiment, we fabricated a lithium niobate WGM resonator with a radius of R 2.4 mm and thickness d 0.4 mm by single-point diamond turning and subsequent polishing [26] . The resonator has a z-cut configuration, where the optic axis is aligned parallel to the symmetry axis. The disk is placed in a 3D microwave copper cavity as depicted in Figs. 2(a)-2(c), where it is clamped by two metallic rings that are designed to maximize the field overlap between the microwave and optical modes. A silicon prism is placed within the cavity, touching the WGM resonator for optical coupling. To enable critical coupling, the coupling plane of the prism is coated with a thermally grown silicon oxide layer serving as a spacer. As an optical pump, we use a narrow-band tunable laser (λ ≈ 1550 nm) which can either be swept over or locked to a resonance via the Pound-Drever-Hall technique. Two holes in the copper cavity allow the optical pump light to enter and the light reflected and emitted from the WGM resonator to leave the cavity. This light is collected and analyzed by a photodiode and an optical spectrum analyzer (OSA). The microwave signal is coupled via a coaxial pin coupler mounted close to the WGM resonator into the cavity and analyzed with a vector network analyzer (VNA) in reflection. A metallic tuning screw is used to perturb the microwave field for fine adjustment of its resonance frequency. The whole setup is thermally stabilized at room temperature with mK precision by a proportional-integralderivative controller and a thermoelectric element attached on the outer side of the closed copper cavity.
All fields are primarily polarized along the optic axis of the WGM resonator (TE type modes) as we aim for type-0 conversion. This allows us to address the largest electro-optic tensor element of lithium niobate (r 33 ≈ 31 pm∕V [27] ). Figure 2(d) shows the tuning over a typical optical mode detected in reflection. We find coupling efficiencies of about 60%. Although the modes are critically coupled (γ γ 0 ), 40% of the light is reflected from the cavity due to imperfect spatial mode Research Article matching. Typically the loaded Q is larger than 1 × 10 8 , corresponding to linewidths less than 2 MHz. The optical free spectral ranges, which were measured with sideband spectroscopy [28] , are around 8.95 GHz.
The phase and amplitude of the microwave signal backreflected from the cavity was measured with the VNA. Figure 2 (e) shows that the tuning screw allows us to change the microwave resonance frequency from Ω 0 2π × 8.90 GHz to 2π × 9.07 GHz. We find a loaded Q 246 for the undisturbed mode, which decreases to Q 174 for maximum perturbation by the tuning screw. Measurements of the phase response indicate that the microwave mode is undercoupled (γ Ω < γ 0 Ω ), resulting in a nonideal coupling efficiency around 60%-75%, depending on the position of the tuning screw.
Note that the pin coupler in our current setup excites a propagating (m Ω 1) and a counterpropagating (m Ω −1) microwave mode and only the part propagating in the direction of the excited optical modes is converted. Considering these geometries and the analytic knowledge of the optical modes [29] , we can rewrite Eq. (2) as g n 2 p ω p r 33 E Ω ∕2, where the single photon electric field E Ω is determined from the simulated microwave field distribution in the region of the optical mode [compare Fig. 2(b) ]. From this, we estimate the single-photon coupling rate for the m 1 mode to be g ≈ 2π × 28 Hz.
A. Asymmetric FSR around Avoided Crossings
The key feature required for the single-sideband conversion in a WGM resonator with type-0 phase-matching without detuning the pump is an asymmetric spectral distance between the pump and the two signal modes (compare Fig. 1) . In a mm-size resonator, adjacent free spectral ranges differ only by a couple of kHz due to the combined effect of material and geometric dispersion. Hence, both sidebands are generated in the case of zero pump detuning. However, in WGM resonators, different modes can couple to each other linearly if they are close to degeneracy [30, 31] . Because of different thermal dispersion of different WGM families, such modes can be brought into resonance by changing the resonator temperature. This feature allows them to exchange energy and leads to avoided crossings. Such crossings appear as a mode splitting around the unperturbed resonance frequency, where the minimal spectral separation is proportional to the coupling rate between the two modes and can reach many linewidths. Essentially, the modes shift away from their unperturbed resonance position, leading to a change of the effective dispersion.
Such a crossing is shown in Fig. 3 , where the frequency of a TE-polarized mode within a sweeping window of 100 MHz is plotted against a temperature change of the resonator. From the fit in Fig. 3 we extract a coupling rate of κ 2π × 5.27 MHz and the asymptotes, yielding the temperature dependence of the Fig. 3 . On the left, the resonance position of a TE mode experiencing an avoided crossing with a TM mode is shown for different temperature settings. On the right, the WGM spectrum around the avoided crossing is plotted for different temperatures. Research Article two interacting modes. The ratio of their slopes is approximately 1.8, which corresponds to the ratio between the temperature sensitivities of TE and TM polarized modes in a lithium niobate WGM resonator of that size [32] . Such polarization coupling has been previously observed in ring resonators [33] and in larger magnesium fluoride resonators [34] .
To demonstrate the effect of the splitting on the spectral distance between two adjacent modes of the same family, we show a spectrum of the m − 1, m and m 1 modes in Fig. 4(a) . The corresponding spectral distances FSR ν m1 − ν m and FSR − ν m − ν m−1 are presented in Fig. 4(b) . The free spectral ranges are strongly temperature-dependent close to the avoided crossings, and the difference jΔ − Δ − j can be several tens of MHz, exceeding the linewidth of the modes significantly. We will use this temperature-dependent asymmetry of the FSR to switch between sum and difference frequency generation in the following sections.
B. Single-Sideband Conversion
For conversion of a microwave signal to a single optical sideband, we use the mode triplet shown in Figs. 4(a) and 4(b) . The optical pump laser was locked to the central mode denoted with m (black curve), while the temperature of the cavity was stabilized around 27.88°C. The free spectral ranges at that working point are marked by the dashed line in Fig. 4(b) . The microwave cavity resonance was set to Ω 0 2π × 8.960 GHz and the microwave signal sent to the cavity was swept from 8.925 to 8.975 GHz in steps of 200 kHz. For each step, the optical signal was measured with an optical spectrum analyzer (YOKOGAWA AQ6370C) (see inset in Fig. 5 ). The obtained magnitude of the generated sidebands is shown in Fig. 4(c) as a function of the microwave detuning from its resonance, which is indicated by the black dashed line.
The up-and down-converted signals can be addressed separately as they appear at different microwave frequencies due to the different FSRs of the respective modes. The Lorentzian given by Eq. (3) agrees well with the measured data. The asymmetry of the peaks and their intensity difference can be attributed to the detuning from the microwave resonance position. The central frequencies of the peaks are separated by 18.1 MHz, which corresponds to the difference between FSR and FSR − . The extinction ratio for the suppressed sideband is determined by the FSR asymmetry and the linewidth of the microwave and optical modes. From the fit, we find a suppression of the down-converted signal at maximum up-conversion of 23 dB. This suppression could be further increased by a stronger mode splitting and narrower bandwidths of both the microwave and optical modes.
CONVERSION EFFICIENCY
The photon number conversion efficiency can be found by measuring the microwave power at the input and the optical signal power at the output of the converter. From Eq. (3), we find
As input power of the microwave, we take the power arriving at the coaxial pin coupler. Cable losses were calibrated out by measuring them separately prior to the experiment. As optical signal power, we consider the power leaving the WGM resonator inside the silicon prism [see Fig. 2(c) ]. For this, we measured the reflection losses on the prism surface. This is justified for estimating the performance of the system because the prism can be coated to prevent reflection loss. The power of the sideband is obtained by measuring its relative strength compared with the reflected pump power on the optical spectrum analyzer. This allows us to calculate the sideband power leaving the resonator from the coupling efficiency of the pump and the absolute pump power sent to the resonator. For demonstration of the absolute conversion efficiency, we choose the optical mode depicted in Fig. 2(d) and pump it on resonance. The working temperature is set such that the avoided crossing occurs on the red detuned side of the mode. This ensures that we can obtain a single sum-frequency-generated sideband which is not disturbed by the linear mode coupling causing the avoided crossing. We measure FSR 8.941 GHz and adjust the microwave resonance frequency Ω 0 to that value with the tuning screw. In this configuration, we find γ Ω 2π × 3.6 MHz and γ 0 Ω 2π × 16.2 MHz for the undercoupled microwave mode and γ γ 0 2π × 346 kHz for the critically coupled optical mode. The laser is locked to the resonator, and 1 mW optical power is sent into the cavity. Considering the imperfect coupling and the resulting reflection from the prism [see Fig. 2(d) ], 0.42 mW are actually coupled into the WGM resonator. The microwave signal frequency is set on resonance and the power is increased from −54 dBm to −22 dBm in steps of 1 dBm.
The results are presented in Fig. 5 . The inset shows a typical OSA spectrum, where the single up-converted optical sideband is highlighted in blue. The plot shows the optical signal power leaving the resonator as a function of the input microwave signal power. In the undepleted pump regime, the optical signal scales linearly with the input microwave power according to Eq. (3) . At approximately 1 μW microwave power, the pump starts to deplete and the up-converted signal saturates. From fitting the linear regime, we find a power conversion efficiency of P ∕P Ω 23.68 0.46, which transforms into an absolute photon number conversion efficiency of η 1.09 0.02 × 10 −3 using Eq. (7) . Inserting the cavity parameters into Eq. (3), we find the single-photon coupling rate to be g eff 2π × 7.43 0.02 Hz. In order to compare this value with the theoretically derived one, we have to multiply it by ffiffi ffi 2 p since the theory does not take into account that we experimentally excite propagating and counterpropagating modes at the same time.
This effective coupling rate is about three times smaller than the expected one from numerical simulations, corresponding to almost ten times decreased conversion efficiency. This is likely caused by air gaps between the WGM resonator and the metallic rings clamping the resonator. Due to the high dielectric constant of lithium niobate in the microwave regime, even very small air gaps lead to a significant field drop in air. Our simulations show that an air gap of 20 μm caused by imperfect machining of the cavity and polishing of the upper and lower side of the WGM resonator lowers g already by a factor of 2.
DISCUSSION AND CONCLUSION
The three main findings of this paper are set forth in this section. The first is a 3 order of magnitude improvement of resonant electro-optic conversion of microwave photons into the optical regime compared to the so far best reported values [21, 35] . The second is a highly efficient suppression of either the up-or downconverted sideband by engineering the dispersion of the resonator. The third is a MHz bandwidth for the conversion. All three findings are important steps towards coherent and bidirectional microwave photon conversion based on direct electro-optic modulation. For quantum operations, the conversion efficiency will have to be pushed toward unity, which is possible with some engineering improvements.
For high nonlinear coupling rates, the microwave mode starts to deplete in the case of SFG and the photon number conversion becomes [17] 
It becomes apparent that G 0 1, γ ≫ γ 0 , and γ Ω ≫ γ 0 Ω are required to approach unity photon number conversion. For our current system, which is critically coupled in the optical regime and undercoupled in the microwave regime, we find that G 0 ≈ 4 × 10 −3 . Therefore, the cooperativity has to be enhanced by more than 3 orders of magnitude.
The pump power can be increased only slightly since photoand thermo-refractive effects in lithium niobate cause the system to become unstable. While the optical Q factors are already close to the material limitation [36] , it was shown recently that the intrinsic microwave absorption in lithium niobate at millikelvin temperatures allows for Q Ω ≈ 10 5 [37] . This alone would increase our G 0 by 3 orders of magnitude in the current coupling regime. Furthermore, our simulations show that g scales inversely with the resonator thickness. Assuming a realistic resonator thickness of 50 μm, together with the closing of any air gaps deteriorating g, can improve the cooperativity additionally by 2 to 3 orders of magnitude. Recently, theoretical studies showed additional ways to increase g [38, 39] . Putting these optimizations together, G 0 ≈ 1 within an overcoupled regime can be achieved in a realistic scenario, ready to realize quantum state transfer [40] . Although optical cooling of the microwave mode will be possible to a certain extent, for quantum operation, the converter has to be operated in a cryostat to avoid up-conversion of thermal microwave photons. This is required anyway since it will increase the microwave Q factor due to superconducting boundaries and decrease of the dielectric loss in lithium niobate. Of course, this comes with additional challenges. Temperature tuning, for example, would have to be replaced by voltage tuning or pressure Research Article tuning, and different thermal expansion of LN and the metal cavity have to be considered.
Electro-optomechanical schemes work in the resolved sideband regime where two pump tones, an optical and a microwave one, are detuned from their respective resonance frequencies by the mechanical resonance frequency. The consequence is that the bandwidth of the process is ultimately limited to the resonance frequency of the mechanical resonator, which is typically below 1 MHz. In practice, only tens of kilohertz have so far been achieved in efficient conversion experiments [12] . Coupling such systems to on-demand single-microwave photon sources [41] is challenging, as the temporal signature of these photons is in the order of megahertz [42] . Furthermore, the achievable suppression of the red-detuned sideband is limited as the pump detuning is also determined by the mechanical resonance frequency. Depending on the system parameters, this can lead to contamination of the converted signal with spontaneous emission.
Our system does not have these restrictions, as the mediator between the two regimes is the nonresonant, nonlinear polarizability of lithium niobate. Hence, the bandwidth of the electrooptic scheme is solely determined by intrinsic losses and the nonlinear as well as external coupling rates. Furthermore, the described dispersion management of the optical modes allows us to choose the degree of suppression freely, without detuning the optical pump.
These advantages justify the further investigation and optimization of the electro-optical approach, even though the electrooptomechanical approach presently has the efficiency advantage. As we have discussed, the single-photon regime is within reach provided an optimized system. This would not only allow for the interfacing of microwave qubits with the optical domain, but also electro-optic cooling of the microwave mode. With even lesser requirements, the generation of entangled pairs of microwave and optical photons utilizing parametric down-conversion is possible, which has recently been shown in the optical domain in a WGM-based system [43] .
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